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Liquid crystalline elastomers (LCEs) and liquid crystalline networks (LCNs) are classes of polymers very
suitable for fabricating advanced functional materials. Two main pathways to obtain LCEs and LCNs have
gained the most attention in the literature, namely the two-step crosslinking of LC side-chain polymers
and the photoinitiated free-radical polymerisation of acrylate LC monomers. These liquid crystal
polymers have demonstrated remarkable properties resulting from their anisotropic shapes, being used
in soft robotics, responsive surfaces and as photonic materials. In this review, we will show that LCs with
cyclic ethers as polymerisable groups can be an attractive alternative to the aforementioned reactive
acrylate mesogens. These epoxide and oxetane based reactive mesogens could offer a number of
advantages over their acrylate-based counterparts, including oxygen insensitivity, reduced polymerisation
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shrinkage, improved alignment, lower processing viscosity and potentially extended resistivity. In this
review, we summarise the research on these materials from the past 30 years and offer a glimpse into
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the potential of these cyclic ether mesogens.

Introduction

Advanced functional materials are interesting from both scientific
and industrial points of view. These materials can have several
properties, including, but not limited to, shape memory,"?
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reversible adhesion,® self-healing,’ energy conservation,>” soft
robotics®® and photonic characteristics."®

Many organic building blocks can be used to construct advanced
functional materials. Liquid crystalline networks (LCNs) and liquid
crystalline elastomers (LCEs) are particularly interesting and
suitable classes of materials; their fabrication is often straight-
forward, and a wide variety of LC ordered phases and orientations
can be employed, allowing the resulting polymers to be used
in a range of applications, including actuators,"*™ switching
surfaces," sensors,'>'® shape memory'” and anti-counterfeit
coatings."®

LCNs and LCEs can be constructed from a variety of starting
materials and polymerisation methods. Over time, however,
two distinct approaches have gained the most attention in the
literature. In the first, LC side-chain linear polymers are cross-
linked in a two-step process.'® Initially, the material is only
slightly crosslinked, after which the mesogenic groups in the
polymer chains are aligned by mechanical stretching. The
monodomain alignment obtained is then fixed with a second
crosslinking step to obtain the final materials. Usually, LC
materials prepared in this way have the mechanical properties
of elastomers. These LCEs have mainly found applications as
actuators and sensors.>”

The second approach uses reactive LC monomers consisting
of a mesogenic group with one or more polymerisable groups,
typically acrylates, attached to the core by a flexible spacer.*"** The
low molar mass of these reactive mesogens allows for their align-
ment in the monomeric state. The aligned monomers are then
immobilised by (photo)polymerisation resulting in moderately-to-
highly crosslinked LCNs that have been applied as advanced
functional materials. Examples include as birefringent films for
optical applications,” responsive surface topographies,® energy
saving reflecting films® and soft robotics.”*>® Recent efforts have
led to the development of less crosslinked LCEs based on reactive
mesogens by first forming a linear prepolymer through step-growth
polymerisation that then is crosslinked at a later stage.*®

In addition to side-chain polymers and acrylate-based reactive
mesogens, alternative building blocks for LCE or LCN-based
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stimuli responsive materials have been developed. While they
may not have attracted as much attention in the literature,
LC monomers that contain epoxide or oxetane groups offer
potentially intriguing advantages to the classic acrylic monomers.
As an example, epoxy monomers can be used in the synthesis of
vitrimer-based LCEs, opening the pathway to self-healing, easier
processing, soft actuators, with possibilities for recyclability. In
free-radical (photo)polymerisation, oxygen acts as a polymerisation
inhibitor by reacting with the generated free-radicals, resulting in
the need of an inert atmosphere, something that is often difficult
to achieve on a large scale. Although a variety of solutions have
been industrially employed to prevent this inhibition,*® these
solutions are not always suitable for LC systems. Additionally,
acrylates suffer from polymerisation shrinkage. In contrast,
epoxide and oxetane LC monomers that link through a cationic
ring-opening mechanism are insensitive to the presence of
oxygen and suffer significantly less from polymerisation shrink-
age.*® Therefore, cationic ring-opening polymerisation may
have significant advantages over free-radical polymerisations of
LC monomers. When epoxide LC monomers are used as a step-
growth monomer in the production of LC thermosets, they may
prove to have interesting physical properties, including better
alignment,*” extended lifetimes or resistivity,* and lower visc-
osity during processing.**

In this work, we describe the current catalogue of available
reactive cyclic ether LC monomers and, when available, describe
their physical characteristics to provide a type of ‘cookbook’ for
the researcher interested in this class of materials. We will
discuss materials prepared by step growth and cationic poly-
merisation, respectively. We offer suggested pathways towards
future research that will lead to advanced materials with intriguing
functional properties.

Advanced functional materials through
step-growth polymerisation

LC monomers containing cyclic ethers as polymerisable groups
can be cured through step-growth polymerisation, resulting in
both highly crosslinked LC thermosets (i.e. LCNs) as well as
more flexible LCEs.

LCNs from liquid crystalline epoxy resins

Conventional thermosets are polymers that irreversibly harden
by curing and have been abundant in industrial applications. In
thermoset resins containing cyclic ethers, epoxide-functionalised
monomers (i.e. epoxy resins) are the most utilised and most
studied. The first reports on LC epoxy resins date back to the
1990s and were mainly targeted to improve the mechanical and
thermal stabilities of thermosets.***

The introduction of LC behaviour in the monomer gives rise
to anisotropic properties in the resulting polymer networks. As
is the case for all LC systems, the properties of thermosets
based on LC epoxy resins are highly dependent on the mole-
cular structure of the mesogenic group. For this reason, LC
epoxy resins based on a wide variety of mesogenic units have
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Table 1 Chemical structures and properties of common LC epoxy monomers
Name Abbreviation ~ Chemical structure T (°C)  Tni” (°C) Ref.
<
Biphenyl BP OO 155 No LC phase 35-37
(e]
<
. o .

Methylstilbene DOMS o O 74 O 130 115 (monotropic) 36 and 38-41

>

—<
0] ] .

Phenyl benzoate =~ PBHQ O~©—< 113 97 (monotropic) 31, 32, 42 and 43

’>—/ o]

(¢]

—<J
O o
Binaphthyl EPBN O O 240 270 33 and 44
Wl
(0]
—
/ (o]

Azomethine EF3 }\I—N 176 No LC phase 45-47

>

¢ Tyt melting temperature. b T\_;: nematic to isotropic transition temperature.

been reported. The most common structures among them are
biphenyl (BP),>*>” methylstilbene (DOMS),*****! phenyl benzoate
(PHBHQ),*"***>*® binaphthyl (EPBN)***** and azomethine (EF3).*™
An overview of these mesogenic epoxides is given in Table 1.
Although it is common to refer to these monomers as LC
epoxy resins, on their own they do not necessarily exhibit LC
phase behaviour. In fact, most of the common monomers either
have no LC phase, or only a monotropic LC phase (Table 1). To
obtain a crosslinked LCE, they may be cured with curing agents
or hardeners. Diamines are the most popular class of curing
agents for epoxy based LCEs. A few examples of common curing
agents are shown in Chart 1. Generally, the LC phase of the
LCE is formed during the curing reaction. Consequently, to
a large extent the conditions during curing determine the
final properties of the LCE obtained. As an example, curing

HoN

DAT SAA

BPA DDM

methylstilbene epoxy together with sulphanilamide (SAA) gives
a smectic LC thermoset,*® while curing the same monomer with
diaminotoluene (DAT, Chart 1) results in a nematic LCE.*° The
reason for this is the two amines in sulphanilamide have
different reactivities, so in the curing process linear chains are
initially formed, before the second amine group reacts to give
crosslinks, resulting in longer chain formation and a smectic
phase.*® In diaminotoluene, the amine groups have similar
reactivities, leading to shorter chain lengths and hence a nematic
phase in the methylstilbene epoxy-diaminotoluene cured LCE. As
another example, a rigid aromatic diamine such as diaminodi-
phenyl sulphone (DDS) results in a stiffer polymer network, and
thus a higher glass transition temperature (7,), than a more
flexible curing agent such as diaminodiphenylmethane (DDM),
trans-1,4-diaminocyclohexane (¢-DAC), or even diaminobutane

I NH;
H,N ﬁ NH, H,N
) ]
DAF
H,N NH,

NH
H2N/\/\/ 2

t-DAC DB

Chart 1 Chemical structures of common aromatic diamine curing agents for LCERs.
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(DB) (Chart 1).*® In summary, the vast number of combinations
of LC epoxy monomers and curing agents allows for the
development of epoxy-based LCEs with a large variety of thermal,
mechanical and LC properties.

Several other factors in the curing reaction play a role in
determining the structure of the final network. For example,
the temperature at which the curing reaction is performed
determines which LC phase is present in the final network:
when a mixture of methylstilbene epoxy and diaminotoluene is
cured below 180 °C, a nematic phase is observed in the polymer
network. However, curing at temperatures above 190 °C
leads to an isotropic network.*® Another study showed that
a mixture of methylstilbene epoxy and diaminodiphenyl-
methane can be cured from the isotropic melt to a nematic
network, and from a nematic monomeric phase to a smectic
network.”® Hence, not only does the choice of monomer
determine the properties of the LC thermosets, but also the
conditions at which they are cured. An extensive overview of
these temperature and kinetic effects is given in a review
article by Carfagna et al.*®

As mentioned earlier, LC epoxy resins were initially developed
to improve the properties of conventional epoxy resins. The LC
domains in the LC epoxy resins lead to an increase in fracture
toughness and resistance to brittle crack propagation.”® > Further-
more, the presence of an LC phase provides a higher resistance to
permanent creep deformation.>® Other interesting aspects of LC

(a)
Reprogramming
Stimulus

Stimulus required

One-way @ \ ' 2 @ A
SMP '
Stimulus on

No reprogramming
required

A~
Yot
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Two-way @
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epoxy resins include increased thermal stability,>>>* increased
thermal conductivity>>® and moisture barrier properties.>”

Epoxide-based LCEs as shape memory polymers

After the development of LC epoxy resins as improvements to
classical epoxy resins, researchers progressed to developing soft
actuators from these resins. LC epoxy resins have found to be
very useful in the fabrication of shape memory polymers
(SMPs). SMPs are a class of polymer that can be programmed
into a temporary shape through deformation and return to
their original (permanent) shape upon exposure to an external
stimulus. Multiple classes of SMPs exist, with one-way and two-
way SMPs being the most important. A one-way SMP can be
programmed in a temporary shape and irreversibly recover to
its original shape upon increasing the temperature.>® Usually, a
phase transition taking place at this temperature triggers the
recovery of the permanent shape. Reprogramming of the one-
way SMP is required to adopt the temporary shape again
(Fig. 1a). Two-way SMPs can reversibly contract upon heating
and extend on cooling.>® LCEs are particularly suitable for the
fabrication of SMPs, as they exhibit a reversible isotropic-LC
transition that can be tuned relatively easily.

To increase the stimuli-responsivity of LC epoxy resins by
reducing the crosslink density, Li et al. have used a combination
of biphenyl epoxy and a dicarboxylic acid curing agent, sebacic
acid, to produce a smectic main-chain LCE.>® The step-growth

(b)
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o o o o
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0 0
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HO Etherification
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Fig. 1
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(a) Definitions of one-way, and two-way SMPs. A one-way SMP can irreversibly revert to its permanent shape after a stimulus, after which

reprogramming is required. A two-way SMP shows reversible actuation. Reproduced from ref. 58 with permission from Elsevier, copyright 2015.
(b) Mechanism of the step-growth polymerisation of a diepoxide monomer and a dicarboxylic acid to obtain LCEs. Reproduced (adapted) from ref. 59
with permission from American Chemical Society, copyright 2015. (c) Two-way shape memory behaviour of a typical diepoxide—dicarboxylic acid LCE
(left), a similar LCE with CNTs grafted on the epoxide monomer (middle) and the behaviour of both LCEs under decreasing tensile loadings, revealing a
lower threshold for the CNT-epoxy LCE composite. Reproduced from ref. 60 with permission from American Chemical Society, copyright 2015.
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polymerisation mechanism is shown in Fig. 1b. In this process,
two parallel reactions are taking place. In a first step, the
epoxide is ring-opened by the carboxylic acid, giving a linear
oligomer with additional hydroxy groups. These hydroxy groups
can then, in a second step, react with another carboxylic acid in
an esterification reaction, or with an epoxy monomer in an
etherification reaction. The authors assumed that the nature of
the chemical bonds formed in this second step had a significant
influence on the liquid crystallinity and network structure of the
LCE. Therefore, by varying the ratio between the biphenyl epoxy
monomer and the curing agent sebacic acid, they were able to
tune, to a large extent, both the LC transition and thermo-
mechanical properties of the generated LCE. The authors con-
cluded that their approach could help in the practical application
of LCEs as two-way SMPs, as the actuation properties can be easily
adjusted by varying the stoichiometric ratio between epoxide
monomer and dicarboxylic acid curing agent.

Inspired by this work, other researchers have found new
ways to tune the thermomechanical response of shape memory
materials based on smectic epoxy networks. Lama et al. have
incorporated carbon nanotubes into a similar smectic main-
chain epoxy LCE to tune the actuation properties of the obtained
elastomer.®® They achieved this by grafting methylstilbene epoxy
with multiwalled carbon nanotubes (CNTs) and subsequently
curing the grafted epoxy monomer with curing agent sebacic
acid, which led to the formation of homogeneous composites. It
turned out that the incorporation of multiwalled CNTs led to a
significant enhancement of the thermal actuation behaviour of
the elastomer alongside a decreased stress threshold required to
achieve actuation (Fig. 1c). The authors attributed these effects to
the better alignment of the LC domains when nanotubes are
present in the elastomer. Hence, it was possible to tune the
transition temperatures and stress thresholds required for
actuation by varying the amount of multiwalled CNTs dispersed
into the LCE. Another publication by the same group studied the
effect of varying the aliphatic chain length in the dicarboxylic acid
curing agent.®* By increasing the chain length, the isotropisation
temperature (7;) of the LC domains in the elastomer increased as
well. Effectively, this means that the temperature at which actuation
will occur can be adjusted. The authors also showed that it is
possible to tune the amount of strain actuation in this way. Hence,
the shape changing properties can be easily tuned in several ways.
However, in all the actuators described in this section, reversible
shape memory behaviour was only achieved when a constant load
was applied in the actuation direction to revert the polymer to its
original shape.®

Belmonte et al. claim that autonomous two-way SMPs can be
obtained by preparing a bilayer of an epoxide-based LCE with a
glassy thermoset.®” In this system, the glassy thermoset was
composed of an excess of bisphenol A-based epoxy crosslinker
and a tri-functional thiol. This mixture was first cured at a
relatively low temperature to retain the excess of epoxy and obtain
a sticky intermediate network. A programmed LCN actuator
based on biphenyl epoxy and sebacic acid was attached, and
the bilayer was heated to 90 °C to further cure the glassy
thermoset and connect it to the LCN actuator. The resulting

510 | Soft Matter, 2020, 16, 5106-5119
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bilayer was now able to bend to a temporary shape upon heating
above the LCN’s T, and back to its original shape upon cooling
due to the stress induced in the glassy thermoset, making this
material a true two-way SMP.

Vitrimer LCEs

All the materials we have described so far are thermosets:
polymers with high mechanical stability. This mechanical
stability, however, comes at a price. The crosslinks in these
polymer networks are permanent, making it virtually impossible
to remould, reprocess, or recycle them. In 2011, Leibler and
co-workers published their pioneering article on vitrimers:
polymer networks based on epoxy and carboxylic acid or anhydride
monomers, to which they have added a transesterification
catalyst.”> This resulted in a crosslinked epoxy thermoset in
which transesterification reactions occur at higher temperatures
(Fig. 2a). Effectively, this means that the crosslinks in the material
become dynamic at elevated temperatures (Fig. 2b). This phenom-
enon introduces an additional viscoelastic transition temperature,
the “topology freezing temperature”, T,. Above this temperature,
the timescale of the transesterification reactions becomes shorter
than the timescale of material deformation, which effectively
means that the material can flow. Hence, vitrimers have the
unique property of the mechanical stability of a classical thermoset
at room temperature, yet can be processed or reprocessed at
elevated temperatures. Therefore, the invention of vitrimers has
opened the way to the development of thermosetting polymers
that can be remoulded, repaired and recycled in a similar manner
to glasses and metals.**

Initially, vitrimers were based on conventional epoxy resins.
A few years after their invention, Ji and co-workers realised that
the same approach should also be possible for LC epoxy resins,
since the earlier approach of curing LC epoxy resins with
dicarboxylic acids for applications such as shape memory
polymers gives an LCE with ester bonds that are susceptible
towards transesterification. In 2014, Pei et al. reported the
development of liquid crystal elastomers with exchangeable
links (XLCEs).®® The epoxy LCE network they used consisted of a
combination of the biphenyl LC epoxy monomer and curing
agent sebacic acid (Fig. 3a). A transesterification catalyst was

(a)
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H = e St e oL
o U B el

4
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bg o ﬁ> . )

L..}X .#X J-X

Fig. 2 (a) Transesterification reactions in thermosets based on epoxy
resins and carboxylic acids. (b) In these thermosets, crosslinks become
dynamic at elevated temperature. Figures reproduced from ref. 63 with
permission from AAAS, copyright 2011.
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added to this monomer mixture, which was subsequently
cured. This resulted in a polydomain nematic LCE. Similar to
LCEs based on these monomers, the xLCE has a T, at about
55 °C and an isotropic transition at 100 °C. However, upon
further heating, the transesterification catalyst introduced
dynamic crosslinks into the XLCE, giving it a T, of 160 °C. This
made the XLCE re-shapeable and re-processable, a feature that
had not been seen in LCEs before. The authors demonstrated
that they could use the dynamic crosslinks to re-join two pieces
of XLCE film by compression moulding. Not only did this work
with two pieces of the same XLCE, but also with a conventional
epoxy elastomer cured with a diacid. This allowed for the
fabrication of bi- or multilayers of elastomers with different
properties. The authors also demonstrated that the XLCEs showed

(a) () 100
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two-way shape memory behaviour under a constant load, and that
this behaviour was reversible without any signs of creep (Fig. 3b).
In contrast, a non-LC analogue of the XLCE only showed creep
upon repeated exposure to high temperatures. Furthermore, a
remoulded-xLCE sample showed almost identical thermal
actuation behaviour to a virgin sample (Fig. 3c).

A remarkable aspect of XLCEs is that polydomain elastomers
that are obtained after curing can be processed into a mono-
domain alignment, and that even this is reversible.®® One of the
main challenges with LCEs is obtaining monodomain align-
ment, which is generally achieved with external fields in LC
monomers, or mechanical stretching in a two-step crosslinking
process. Both methods, however, have their disadvantages.
Alignment using an external field generally only works for thin
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Fig. 3

(a) Composition of the xLCE: biphenyl epoxy monomer, curing agent sebacic acid and transesterification catalyst triazabicyclodecene are cured

to obtain a polydomain xLCE. (b) Thermal actuation behaviour under constant load of a polydomain xLCE compared to a non-LC analogue containing
exchangeable crosslinks. The xLCE shows reversible actuation without any creep, whereas the non-LC analogue only shows repeated creep.
(c) Reversible thermal actuation behaviour under constant load of a virgin polydomain xLCE compared to a remoulded sample. Both samples show
near-identical actuation behaviour. (d) Programming a polydomain xLCE. From left to right: a polydomain sample (Lo) is heated above T, under load,
giving isotropic sample L; which is subsequently cooled under load to < T; to obtain monodomain alignment (L,). This xXLCE can be actuated between Lg
and L, by heating above and cooling below T;. Reprogramming the alignment is possible by heating above T, again. Figures reproduced from ref. 65 with
permission from Springer Nature, copyright 2014.
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films. In the two-step crosslinking method, it is difficult to
obtain three-dimensional shapes. The xLCEs are a promising
solution to these challenges, as the presence of a T, allows
monodomain alignment by stretching a film at a temperature
above T,, shown schematically in Fig. 3d. From left to right:
when the polydomain sample is loaded above T,, the LC
domains will become isotropic, and the crosslinks reversible.
Subsequent cooling of the sample then results in reforming the
smectic LC domains that are now aligned (L,). Effectively, the
sample is now an actuator that will shrink to L, upon heating
above T; and expand back to L, upon cooling. The unique
feature of the xLCE is the monodomain alignment can be
reprogrammed by again heating to above T, and loading the
sample. Furthermore, the authors showed that XLCEs could be
formed into virtually any shape by heating them in a mould. In
summary, the development of XxLCEs has led to responsive
polymers that can be more easily processed than conventional
LCEs and can be repaired, reprogrammed, and remoulded.
Since the initial report of XxLCEs by Ji and co-workers,
researchers have improved on the concept with alternatives
for transesterification reactions. Li et al. have shown that XLCEs can
also be obtained by adding disulphide chemistry into the LCE.*®
They found it was possible to make use of disulphide-disulphide
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exchange reactions to reprocess the LCE. Furthermore, they showed
that the material can be fully recycled by adding small thiol
compounds to break down the network structure.

Another strategy to improve the functionality of XLCEs is to
make nanocomposites. Yang et al. showed that by incorporating
carbon nanotubes (CNTs) into the XLCE, a mould was no longer
required to program or reprogram the shape of the xLCE.%” The
CNTs made the LCE responsive to light, as illumination resulted
in photothermal heating, a concept that has been previously
employed in conventional LCEs to achieve actuation®® and
transesterification in regular epoxy vitrimers.®® Here, the authors
used infrared (IR) light to heat the elastomer above its 7, and
activate the transesterification reactions.®” Therefore, a film
could be processed into a dynamic 3D shape by stretching it
into the desired shape and subsequently illuminating it (Fig. 4a).
Again, this process could be repeated many times, as was
demonstrated by the repeated reconfiguring of a six-petal flower
into more than 20 dynamic 3D structures (Fig. 4b). Furthermore,
segments of different chemical compositions could be welded
together to obtain even more complex actuators.®” This welding
principle was employed in another study by Pei et al. to increase
the number of shapes that can be ‘remembered’ in an SMP.”° To
this end, vitrimer films consisting of sebacic acid and different
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(a) Programming of a xLCE-CNT composite through generation of heat by shining light whilst keeping the film under load. Reproduced from

ref. 67 with permission from American Chemical Society, copyright 2016. (b) Processing and reprocessing of a six-petal flower into various dynamic 3D
shapes. Reproduced from ref. 67 with permission from American Chemical Society, copyright 2016. (c) Quadruple shape memory behaviour of a cross
consisting of pieces of LCE vitrimers with different chemical compositions that are welded together. Reproduced from ref. 70 with permission from
Wiley-VCH, copyright 2016. (d) Partial reprogramming of a welded strip by only twisting the BA part of the film, and the related shape memory behaviour.
Reproduced from ref. 70 with permission from Wiley-VCH, copyright 2016. (e) Cutting and reassembling welded strips to obtain new structures.
Reproduced from ref. 70 with permission from Wiley-VCH, copyright 2016.
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epoxy monomers (bisphenol A, methylstilbene, biphenyl) were
prepared. A multi-SMP was then prepared by welding pieces
of these films together by hot pressing, and then giving the
combined film its temporary shape. As each part had a different
transition temperature, they would recover their original shapes
at different temperatures. This can, for instance, be applied to
engineer a quadruple SMP that can fold from a cross into a cube
by strategically placing the different LCE compositions in the
cross (Fig. 4c). Furthermore, CNTs can be incorporated in parts of
the multi-SMP to make those parts responsive to IR light. The
approach of welding pieces of LCE vitrimers with different
chemical compositions allows for partial reprogramming of a
strip (Fig. 4d) and reuse of strips by cutting and reassembling
them into new structures (Fig. 4e).

The possibility of making LCE vitrimers responsive to light
of other wavelengths has also been investigated. In conventional
LCEs and LCNs, chromophores are commonly used to convert
light energy into mechanical work. A classic example is the
azobenzene moiety that changes its geometry from trans to cis
upon illumination with ultraviolet (UV) light. This effect has
been used extensively to achieve shape changes in LCEs and
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LCNs, such as bending, twisting and oscillating.”® Li et al.
incorporated azobenzene into an LCE vitrimer by curing an
azobenzene epoxy monomer with sebacic acid and adding a
transesterification catalyst (Fig. 5a).”! This led to the formation
of a multifunctional LCE that had the shape memory behaviour
of an LCER, the (re)processability of an LCE vitrimer and the
light-responsivity of an azobenzene LCN. The authors have
demonstrated this by programming a cross-shaped sample into
a cube (Fig. 5b). Heating of this cube above T, led to unfolding,
whilst further heating above T; led to refolding. The same shape
memory behaviour could be achieved by illuminating the cube
with UV light. The isomerisation of the azobenzene moieties
heated the cube photothermally to unfold above T, and further
heating to above T; caused refolding (Fig. 5b). The authors also
showed that the material could be reprocessed or repaired by
heating above T,, and that this could also be locally achieved by
UV illumination. Furthermore, in a follow-up publication, they
showed that the material could also be prepared with exchange-
able disulfide bonds as the dynamic crosslinks.”*

Lu et al. have developed the system further by synthesising a
light responsive LCE vitrimer from the azobenzene epoxy
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(a) Synthesis of a photoresponsive LCE vitrimer by step-growth polymerisation of an azobenzene epoxide monomer (AE) and a dicarboxylic acid,

and with adding a transesterification catalyst. Reproduced (adapted) from ref. 71 with permission from American Chemical Society, copyright 2016.
(b) Programming of a photoresponsive LCE vitrimer cross into a cube, and its thermal and UV induced folding and unfolding behaviour. Reproduced from
ref. 71 with permission from American Chemical Society, copyright 2016. (c) Light-driven forward motion of an azobenzene LCE vitrimer ‘vehicle’ with a
spring-like ‘motor’. Reproduced from ref. 73 with permission from Wiley-VCH, copyright 2017. (d) ‘Polymer crane’ constructed from a gold nanorod —
azobenzene LCE vitrimer nanocomposite that is capable of grasping, lifting, lowering, and releasing objects upon illumination with UV and NIR light.
Reproduced from ref. 74 with permission from Wiley-VCH, copyright 2018.
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monomer and dodecanedioic acid, which is a slightly longer
dicarboxylic acid than sebacic acid.” They showed the UV-induced
contraction force generated in the LCE vitrimer was higher when
the film strain was higher, due to enhanced orientation of the
azobenzene mesogens. They also demonstrated the contraction
force generated originates from both mechanical action by ¢rans-
cis isomerisation of the azobenzene mesogens, as well as a
photothermal effect of heating the film above a transition tem-
perature. By making bilayers of the LCE vitrimer with transparent
polypropylene, they were able to construct wheels that could move
away from or towards a light source via a photoinduced shifting of
its centre of mass. Taking this a step further by twisting the bilayer
into a spring and attaching it to wheels of polyurethane foam
(Fig. 5¢), it was possible to construct a ‘vehicle’ that is light driven
by UV-induced winding/unwinding of the spring.”

To further increase the potential of this system, the same
group doped the azobenzene LCE vitrimer with gold nanorods
to expand responsivity to near-infrared light (NIR).”* This
resulted in a nanocomposite capable of two light-triggered
molecular changes: a transition from the LC to isotropic state
by absorption of NIR and subsequent heat release by the gold
nanorods, as well as photoisomerisation of the azobenzene
moieties. The authors demonstrated the full potential of this
system by creating a polymer ‘crane’ capable of performing
‘light-controlled sophisticated, concerted robot-like, macroscopic
motions to produce useful work’ (Fig. 5d).”* To this end, they
attached a bilayer film acting as a gripper upon UV illumination to
a telescopic arm capable of contracting upon NIR illumination.
The resulting polymer crane could grasp and lift objects, move
them, and then lower and release the cargo, demonstrating the
potential applications of LCE actuators in soft robots.

Stability of LCE vitrimers

Dynamic crosslinks in LCE thermosets have been shown to
have many advantages in the processing, reprocessing, and
repairing of LCE thermosets. However, they also limit the
stability and durability of these materials, as operation of the
functional material above its 7, will activate the dynamic
crosslinks and remove the monodomain alignment. To
improve the stability of the LCE vitrimer, a balance must be
found for the T,: it should be sufficiently high to operate the
functional material at high temperatures, yet not too high to
allow for easy (re)processability. One strategy is to optimise the
amount of transesterification catalyst in the material. Chen
et al. have published a systematic study where they reduced the
amount of catalyst and monitored the effects on processability
and actuation stability of an LCE vitrimer actuator.””> They
found that a lower catalyst concentration indeed led to a higher
T, and thus a higher actuation stability. Processing and repro-
gramming of the actuator, however, remained possible. Another
strategy pursued by researchers is to make a re-processable
actuator without incorporation of any transesterification catalyst.
Yang et al. have demonstrated that, unlike the common percep-
tion that a catalyst is required to trigger the transesterification
reactions, they still occur in LC epoxy thermosets that do not
contain a catalyst, albeit at a much lower rate.”® These LC epoxy
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thermosets could be processed, reprogrammed and welded,
similarly to the XLCEs described earlier, with the difference that
these processes take longer in the LC epoxy thermosets. However,
due to the slower transesterification reactions at high temperatures,
actuators made from these LC epoxy thermosets have a significantly
higher stability than the XLCEs.

Advanced functional materials through
cationic (photo)polymerisation of LC
epoxides and oxetanes

So far, we have mainly discussed the step-growth poly-
merisation of LC epoxy resins with curing agents. The second
major pathway towards LCEs and LCNs is the photoinitiated
polymerisation of LC monomers. Low molar mass reactive
mesogens can be photopolymerised into a crosslinked LCE or
LCN. The advantage of this approach is that the temperature at
which the photopolymerisation is initiated can be, within limits,
freely chosen. Therefore, it is relatively easy to bring the reactive
mesogens in the desired phase (e.g. smectic, nematic) by controlling
the temperature and subsequently photopolymerising it. Further-
more, the mesogens can be aligned (prior to polymerisation) by a
variety of alignment techniques, such as surface alignment, shear
force, electric fields, or magnetic fields. This allows for a wide variety
of possible alignments (e.g: planar, homeotropic) and orientations
(i.e. homogeneous, splay, twisted). A possible disadvantage, though,
is the use of photopolymerisation is limited to relatively thin films.

The development of acrylate reactive mesogens at Philips
Research in the 1980s opened the way to moderately to highly
crosslinked LCNs that have proven useful in many practical
applications.?® Use of multifunctional monomers will result in
a high crosslink density, which can be reduced by adding
mono-functional monomers. The relatively straightforward syn-
thetic methods to obtain reactive mesogens have led to a large
molecular toolbox of different monomers that can be used to
tune the properties of the resulting LCN. They do, however,
suffer from the aforementioned drawbacks of oxygen inhibition
and polymerisation shrinkage. Cationic (photo)polymerisation
of cyclic ether LC monomers such as epoxides and oxetanes can
be used to solve these issues. These monomers can polymerise
through a ring-opening mechanism that is shown in Scheme 1.
Upon illumination with UV light, the photoinitiator (typically
arylsulfonium or iodonium salts) will decompose, generating a
radical cation (Scheme 1a). This radical cation will abstract a
hydrogen atom from its surroundings. Subsequently the counter
anion (e.g. PFs ) can attack this hydrogen atom to obtain a strong
acid (e.g HPFg). For this reason, cationic photoinitiators are
sometimes referred to as photoacid generators. Only after gen-
eration of the acid can the actual polymerisation mechanism
start, shown in Scheme 1b. One of the lone pairs on a monomer
can attack the acid, turning the monomer into a cation that is
susceptible to being attacked by the next monomer, which
happens many times in the propagation phase to obtain the
polymer chain. Eventually, this growing chain will be terminated
by, for instance, an alcohol.

This journal is © The Royal Society of Chemistry 2020
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In 1994, two publications from Philips Research reported
the synthesis of diepoxide monomers with a similar mesogenic
unit as the conventional acrylate reactive mesogens.*™*> They
found that it was possible to obtain LCNs by cationic photo-
polymerisation of these monomers. The resulting LCNs had a
higher degree of order than similar networks obtained from acrylate
reactive mesogens, showed lower polymerisation shrinkage, and
had a higher adhesion to various substrates.** Drawbacks, however,
were a relatively slow rate of polymerisation and the occurrence of
side reactions, resulting in yellow, scattering films.*>

To overcome these issues, liquid crystalline oxetanes were
developed in 2004 by Lub et al. (Fig. 6a).”” The polymerisation
kinetics of these oxetane LCs were found to be much faster than
their corresponding epoxides. Moreover, yellowing due to side-
reactions during polymerisation did not occur, which makes
the oxetanes more suitable for application as optical films. Van
der Zande et al. have used the oxetane LCs for the fabrication of
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patterned retarders for transflective displays.”® These patterned
retarders consisted of alternating birefringent (i.e. nematic)
and isotropic domains and could be prepared by photolitho-
graphic polymerisation. First, a coated film was brought in the
nematic phase and subsequently polymerised through a photo-
mask, freezing the birefringent state in the illuminated areas.
The coating was then heated above T; and a second illumination
polymerised the rest of the coating. The use of oxetane LCs
instead of acrylate reactive mesogens was found to be beneficial
in two ways: the possibility of photopolymerising the coating in
air allowed for upscaling in future industrial applications, and
the resolution of the obtained patterns turned out to be very
high, higher than could previously be achieved using acrylate
reactive mesogens (Fig. 6b and c).”® The authors attributed this
to the absence of surface corrugation (due to reduced poly-
merisation shrinkage) and a lower UV sensitivity of the cationic
photopolymerisation: scattered UV light in the non-illuminated
areas did not result in substantial crosslinking.

Inspired by this work, in a recent publication the oxetane
monomer toolbox has been extended with a chiral dioxetane
monomer.*® This allowed for the fabrication of photonic coatings
that could reflect light, as the addition of the chiral oxetane to a
nematic oxetane LC would result in a twist of the molecular
director, and consequently in a periodic refractive index variation.
Therefore, the resulting chiral nematic LC (Ch-LC) phase resembled
a 1D photonic crystal that could selectively reflect light."® These
Ch-LC oxetanes were used to fabricate photonic coatings on a
relatively large scale using flexographic printing on flexible
substrates. The photonic oxetane LC coatings could be patterned
lithographically at a high resolution, and in a wide variety of
patterns (Fig. 6d and e), giving these coatings potential for
application in both visually pleasing coatings as well as anti-
counterfeit labels.

Along with oxetane and epoxide LC monomers that are
based on the phenyl benzoate mesogenic structure, it is also
possible to polymerise the LCERs described earlier in this
review via a cationic ring-opening polymerisation. Lv et al. have
demonstrated that light responsive LCN films can be obtained via
the cationic photopolymerisation of azobenzene diepoxides.®'
They found that simultaneous illumination with unpolarised
blue light during UV polymerisation of a planar alighed monomer
mixture, induced reorientation of the azobenzene moieties at
the illuminated side, resulting in a splay alignment. This way,
they were able to control the bending behaviour of the films,
either away from or towards the light source by illuminating it
from either the planar or the homeotropic sides of the film,
respectively.

Earlier, we mentioned the increased thermal conductivity of
LC epoxy resins over conventional epoxy resins. Islam et al.
have found that the cationic ring-opening polymerisation of
biphenyl epoxy increased the thermal conductivity of the resulting
network.®*> They attributed this to weaving of the pre-aligned
epoxy groups in a linear fashion via cationic polymerisation,
whereas curing with a diamine hardener disturbed the order
of the LC monomer. Therefore, cationic polymerisation of
biphenyl epoxy resulted in a higher molecular order and reduced

Soft Matter, 2020, 16, 5106-5119 | 5115


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0sm00489h

Open Access Article. Published on 21 May 2020. Downloaded on 1/19/2026 9:05:22 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Soft Matter
(a)

ﬂﬂm@ﬁ»@m

(d)

Fig. 6

View Article Online

Review

(b)

23

(a) Chemical structures of oxetane LC monomers. (b) Patterned birefringent-isotropic retarder for transflective displays based on oxetane LCs.

Reproduced from ref. 78 with permission from Wiley-VCH, copyright 2005. (c) Patterned birefringent-isotropic retarder for transflective displays based
on acrylate LCs. Reproduced from ref. 79 with permission from AIP Publishing, copyright 2006. (d) Patterned Ch-LC-isotropic coatings based on Ch-LC
oxetane LCs. The colour can be tuned by changing the amount of the chiral oxetane monomer. Reproduced from ref. 80 with permission from American
Chemical Society, copyright 2019. (e) Changing the viewing of a Ch-LC coating changes the observed colour. Reproduced from ref. 80 with permission

from American Chemical Society, copyright 2019.

phonon scattering, which substantially enhanced the thermal
conductivity.

Combining free-radical and cationic ring-opening polymerisations

Free-radical and cationic polymerisations are orthogonal
mechanisms. This means that, under the right conditions,
both polymerisation mechanisms can be performed indepen-
dently, either simultaneously or sequentially. As an example,
this could be done by using a radical and a cationic photo-
initiator that have different activation wavelengths. Combining
cationic and free-radical polymerisations could prove useful in
producing chiral nematic LC systems. Generally, the reflection
band of a Ch-LC is quite narrow, limiting the effectiveness of a
Ch-LC coating designed to reflect IR light for energy saving. To
solve this, researchers have set out to broaden the reflection
band of Ch-LCs by photopolymerisation-induced diffusion.®***
By combining diacrylate with monoacrylate LCs, and illuminating
at a low UV intensity during polymerisation, the highly reactive
diacrylates diffuse towards the top of the film, leading to a
gradient in the concentration of the chiral LC through the film
thickness, and hence to a pitch gradient and a broadened
reflection band. Zhang et al. have shown that the same principle
can be applied to a Ch-LC mixture of epoxide and acrylate LCs.?’
In their approach, a free-radical initiator was activated first
by illumination with 365 nm UV light, inducing diffusion of
the acrylate LCs to the top of the film, which induced a pitch
gradient in a similar way to the diacrylate-monoacrylate
approach (Fig. 7a). In a second polymerisation step, the cationic
photoinitiator was activated by 254 nm UV light, freezing the
pitch distribution in the Ch-LC, and resulting in broadening of
the reflection band (Fig. 7b). Since the difference in reactivity

5116 | Soft Matter, 2020, 16, 5106-5119

between the acrylate and epoxide LC in the free-radical poly-
merisation step is essentially infinite, obtaining a pitch gradient
is potentially more effective then when a mixture of mono- and
diacrylate LCs is used.

Another area where cationic ring-opening polymerisations
could be of importance is additive manufacturing. Since epoxy
and oxetane LC monomers can be polymerised in oxygen-
rich environments, obtaining complex form factors or easier
fabrication protocols become possible where oxygen inhibition
of acrylate monomers poses an issue. Recently, McCracken
et al. published a study where they used epoxy LCs with a
mesogenic structure analogous to common acrylate reactive
mesogens to obtain LCE micro actuators.®® By using two-photon
direct laser writing, they were able to prepare microstructured
LCEs from aligned epoxy LC monomers in an oxygen-rich environ-
ment. An extensive study of the thermal- and mechanical properties
of bulk films of these epoxy monomers revealed that the thermal
response of epoxy-based LCEs is complementary to acrylate-based
LCEs: the epoxies actuated at higher temperatures than the acry-
lates. This, in combination with the orthogonality of the poly-
merisation mechanisms of the epoxy and acrylate LCs, allowed
them to prepare hybrid microactuators that were effectively compo-
sites of epoxy and acrylate LCEs. To this end, they first prepared the
microstructure by using two-photon direct laser writing of the epoxy
LCE, where the oxygen-insensitivity of the cationic polymerisation
aided substantially in obtaining complex structures at a high
resolution. This microstructure was then filled with the acrylate
LC monomer, which was subsequently polymerised through a
free-radical polymerisation. The resulting hybrid microactuator
could be actuated at a wide temperature range, owing to the
thermal properties of both components.

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 (a) Mechanism of photoinduced diffusion by sequential poly-

merisation of acrylate and epoxide LC monomers to obtain a broadband
reflecting Ch-LC film. (b) Transmission spectra of the Ch-LC film before
and after the sequential polymerisation process. Reproduced from ref. 85
with permission from Taylor & Francis Ltd, copyright 2011.

Conclusions and future perspectives

Advanced functional materials based on cyclic ether liquid
crystals have great potential of being applied in fields such as
soft actuators, self-healing, and optical materials. Liquid crystal-
line epoxy resins that polymerise through step-growth were
initially developed in the 1990s to improve the properties of
conventional epoxy resins. They were found to exhibit an increased
fracture toughness and resistance to creep, higher thermal
stability, increased thermal conductivity and better moisture
barrier properties. Later, LC epoxy resins have been applied in
smart, responsive materials by curing them with dicarboxylic
acids, resulting in LCEs that can act as actuators and shape
memory materials. By making nanocomposites of these LCEs
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with carbon nanotubes, for instance, may further increase the
responsivity and functionality.

A major breakthrough in the development of advanced
functional materials from LC epoxy resins came with the develop-
ment of LCE vitrimers. These materials have the mechanical and
thermal stability of conventional LCEs, but the dynamic cross-
linking at higher temperatures allows for easily processability,
re-processability and repairability. Moreover, the alignment of
the LC domains can be easily reprogrammed, making the resulting
actuators very versatile in use. In a world where people will have to
move to a circular economy, recyclable network polymers will
become increasingly important. LCE vitrimers are therefore very
suitable candidates as durable materials in soft robotics and other
micromechanical systems.

In addition to curing LC epoxy resins with hardeners such as
diamines and dicarboxylic acids in a step-growth manner, cyclic
ether LC monomers such as epoxies and oxetanes can also
be cured through cationic ring-opening (photo)polymerisation.
Benefits of this approach include insensitivity to oxygen, allowing
for polymerisation in air, and reduced polymerisation shrinkage.
In particular, for applications such as coatings and additive
manufacturing, where relatively thin layers need to be poly-
merised, the possibility of photopolymerisation in air is a major
benefit over free-radical polymerisation of LC acrylates. Moreover,
free-radical polymerisation and cationic ring-opening polymerisation
are orthogonal mechanisms. Combining acrylate and cyclic ether LC
monomers and independently addressing their polymerisation gives
rise to new smart materials with unique properties. We expect that
this will continue to promote the development of novel smart
materials in the near future.

With this review, we show the potential of LC monomers
with cyclic ethers as polymerisable groups in the fabrication of
advanced functional materials. It is foreseeable that these
materials will continue to expand at a rapid pace.

Abbreviations

LC Liquid crystalline

LCN Liquid crystalline network

LCE Liquid crystalline elastomer

Ty Glass transition temperature

T; Isotropisation temperature

T, Topology freezing temperature

SMP Shape memory polymer

CNT Carbon nanotube

XLCE  Liquid crystalline elastomer with exchangeable cross-
links

uv Ultraviolet

IR Infrared

NIR Near-infrared

Ch-LC Chiral nematic liquid crystal
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